In this paper, molecular dynamics method was employed to investigate the nanoscratching process of gallium arsenide (GaAs) in order to gain insights into the material deformation and removal mechanisms in chemical mechanical polishing of GaAs. By analyzing the distribution of hydrostatic pressure and coordination number of GaAs atoms, it was found that phase transformation and amorphization were the dominant deformation mechanisms of GaAs in the scratching process. Furthermore, anisotropic effect in nanoscratching of GaAs was observed. The diverse deformation behaviors of GaAs with different crystal orientations were due to differences in the atomic structure of GaAs. The scratching resistance of GaAs(001) surface was the biggest, while the friction coefficient of GaAs(111) surface was the smallest. These findings shed light on the mechanical wear mechanism in chemical mechanical polishing of GaAs.
Introduction
Gallium arsenide (GaAs) wafer has applications in numerous fields, such as illumination, photoelectric detection, and solar energy, due to its excellent mechanical and electronic properties. For example, GaAs wafers with a super smooth surface are needed for the production of high-quality flexible solar cells and light emitting diode (LED) [1, 2] . At present, chemical mechanical polishing (CMP) is critically required to fabricate GaAs wafer with a super smooth and planar surface. Many researchers have investigated the CMP process of GaAs. For instance, subnanometer surface finish was achieved in CMP of GaAs [3] . Matovu et al. studied the material removal in the CMP process of GaAs with SiO 2 particles [4] . Yu et al. found that high polishing speed using polishing slurry containing SiO 2 particles leads to high material removal rate of GaAs [5] . Due to the complexity of the CMP process, the material removal mechanisms in CMP of GaAs are still not fully understood [6] .
Since the CMP process only involves the material deformation and removal of a few atomic layers, continuous mechanics is not fully applicable in the description of the removal process. Molecular dynamics (MD) method-a powerful tool to describe the atomic scale details of various phenomena-has been widely employed to explore the mechanical wear mechanism in the CMP process [7, 8] . Ye et al. found that adding chemical effect results in a smooth surface during the polishing of a copper surface using MD [9] . In MD simulations, Han et al. showed that ductile material removal was critical in realizing a super smooth surface of the silicon CMP process [10] . Si et al. proposed the monoatomic layer removal mechanism during CMP of silicon using MD simulations of nanoscratching [11] . To date, few literatures have focused on the CMP process of GaAs using MD, though some scholars have simulated the nanoscratching process of GaAs [12] . The deformation mechanisms of a workpiece are closely related to the material removal in the CMP process. It has been found that plastic deformation of GaAs results from dislocation motion during the scratching [12, 13] . However, phase transformation in crystalline GaAs has also been reported in MD simulations of nanoindentation [14, 15] , implying different deformation mechanisms.
To further explore the material removal mechanisms in the CMP process of GaAs, we carried out in this paper MD simulations to study the nanoscratching of GaAs. We mainly investigated the material deformation and removal mechanisms in GaAs.
Simulation Method
The MD simulation model of scratching process is shown in Figure 1 . The model was made up of a GaAs workpiece with zinc blende (ZB) structure and a rigid spherical abrasive. The GaAs workpiece had a size of 42 a × 28 a × 13 a (a = 0.565 nm, the lattice constant of GaAs). The orientations of the workpiece were in x-[100], y-[010] and z- [001] . The workpiece could be divided into three parts-boundary layer, thermostat layer, and Newtonian layer. The bottom (four layers of atoms) of the workpiece was fixed to restrict any translation of the workpiece. The six layers of atoms adjacent to the boundary layer at the bottom of GaAs were the thermostat layer where atoms were kept at 300 K by velocity scaling method to mimic the heat dissipation in scratching process. All the simulations were carried out using LAMMPS [16] with an integration timestep of 1 fs. Periodic boundary conditions were imposed in the x and y directions. process. It has been found that plastic deformation of GaAs results from dislocation motion during the scratching [12, 13] . However, phase transformation in crystalline GaAs has also been reported in MD simulations of nanoindentation [14, 15] , implying different deformation mechanisms.
The MD simulation model of scratching process is shown in Figure 1 . The model was made up of a GaAs workpiece with zinc blende (ZB) structure and a rigid spherical abrasive. The GaAs workpiece had a size of 42·a ×·28a ×·13a (a = 0.565 nm, the lattice constant of GaAs). The orientations of the workpiece were in x-[100], y-[010] and z- [001] . The workpiece could be divided into three parts-boundary layer, thermostat layer, and Newtonian layer. The bottom (four layers of atoms) of the workpiece was fixed to restrict any translation of the workpiece. The six layers of atoms adjacent to the boundary layer at the bottom of GaAs were the thermostat layer where atoms were kept at 300 K by velocity scaling method to mimic the heat dissipation in scratching process. All the simulations were carried out using LAMMPS [16] with an integration timestep of 1 fs. Periodic boundary conditions were imposed in the x and y directions. The atomic interactions between GaAs workpiece atoms were described by bond-order potentials (BOP) [17, 18] .
The interaction between the workpiece and abrasive was modeled by a repulsive potential [19, 20] . The radius of the abrasive was 4 nm.
In the simulations, we performed scratching along the negative x direction. As the indentation and scratching velocities of most MD simulations are 1~200 m/s [21] [22] [23] [24] [25] [26] [27] , 100 m/s was adopted for both the indentation and scratching process in this paper. The scratching distance was 10 nm.
Results and Discussions

The Deformation Behaviors of GaAs(001)
The typical deformation behaviors of GaAs(001) in the scratching are shown in Figure 2 . The GaAs underwent elastic and plastic deformation in the scratching process. Side flow was formed as some workpiece atoms accumulated on two sides of the abrasive. Chip was formed because some workpiece atoms piled up ahead of the abrasive. In real CMP process, the removed material can be polished away by slurry. The atomic interactions between GaAs workpiece atoms were described by bond-order potentials (BOP) [17, 18] .
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The Anisotropic Effects
Since single crystalline semiconductor materials exhibit anisotropic effects in nanoindentation and nanoscratch, nanoscratching simulations on GaAs(110) and (111) surfaces were also conducted. For GaAs(110) surface, x was along [001], y along [110] and z along [110] . For GaAs(111) surface, x was along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , y along and z along [111] . The scratching direction was along the negative x direction. Other simulation details were the same as those in the simulation of the GaAs(001) surface.
The top view and cross-sectional view of deformation behaviors of the GaAs workpiece for different crystal orientations are shown in Figure 9 and 10, respectively. We could see the diverse deformation behaviors of GaAs with different crystal orientations resulting from the different atomic structure of GaAs. The height of pile-up atoms at a sliding distance of 10 nm and scratching depth of 1.5 nm was the biggest for GaAs(001) (9.1 Å) and the smallest for GaAs(110) (6.9 Å). Moreover, it can be seen from Figure 10 that a phase transformation from a zinc blende structure to a rocksalt one had also taken place in the scratching process for GaAs(110) surface and GaAs(111) surface like the GaAs(001) surface. However, the distribution of subsurface phase transformation zone was different for different crystal orientations of GaAs (see Figure 5 and 10) . 
Since single crystalline semiconductor materials exhibit anisotropic effects in nanoindentation and nanoscratch, nanoscratching simulations on GaAs (110) and (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , y along and z along [111] . The scratching direction was along the negative x direction. Other simulation details were the same as those in the simulation of the GaAs(001) surface.
The top view and cross-sectional view of deformation behaviors of the GaAs workpiece for different crystal orientations are shown in Figures 5 and 9 , respectively. We could see the diverse deformation behaviors of GaAs with different crystal orientations resulting from the different atomic structure of GaAs. The height of pile-up atoms at a sliding distance of 10 nm and scratching depth of 1.5 nm was the biggest for GaAs(001) (9.1 Å) and the smallest for GaAs(110) (6.9 Å). Moreover, it can be seen from Figure 10 that a phase transformation from a zinc blende structure to a rocksalt one had also taken place in the scratching process for GaAs(110) surface and GaAs(111) surface like the GaAs(001)
surface. However, the distribution of subsurface phase transformation zone was different for different crystal orientations of GaAs (see Figures 5 and 10) . Figure 11 shows the average friction force, normal force, and friction coefficient for different crystallographic orientations during the scratching process. It is reasonable that the average friction force and normal force are larger for a bigger scratching depth. As the atomic area density and the interlayer distance were different for different crystal orientations of GaAs, the number of contacting atoms was different for various crystal orientations of GaAs. Therefore, the friction force and normal force could not be employed to measure the scratching resistance. The scratching resistance is usually measured by friction coefficient, defined as the ratio of friction force to normal force. Figure  11c shows the calculated friction coefficients. Table 1 shows the atomic planar density and interplanar spacing with respect to the orientation of GaAs. It should be noted that the two nearest (111) planes of GaAs are usually considered as a single atomic plane called compound (111) plane. It can be seen that the anisotropic effect of the average friction coefficient in the scratching was related to the differences of atomic planar density and interplanar spacing of GaAs. For the GaAs(001) [100] combination, the friction coefficients were the biggest, while both the atomic planar density and interplanar spacing were the smallest. Moreover, the friction coefficients of GaAs(111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] combination were the smallest and both the atomic planar density and interplanar spacing of compound GaAs(111) were the biggest; the friction coefficients of GaAs (110) [001] combination were in between the two, as were the atomic planar density and interplanar spacing of GaAs(110). Figure 11 shows the average friction force, normal force, and friction coefficient for different crystallographic orientations during the scratching process. It is reasonable that the average friction force and normal force are larger for a bigger scratching depth. As the atomic area density and the interlayer distance were different for different crystal orientations of GaAs, the number of contacting atoms was different for various crystal orientations of GaAs. Therefore, the friction force and normal force could not be employed to measure the scratching resistance. The scratching resistance is usually measured by friction coefficient, defined as the ratio of friction force to normal force. Figure  11c shows the calculated friction coefficients. Table 1 shows the atomic planar density and interplanar spacing with respect to the orientation of GaAs. It should be noted that the two nearest (111) planes of GaAs are usually considered as a single atomic plane called compound (111) plane. It can be seen that the anisotropic effect of the average friction coefficient in the scratching was related to the differences of atomic planar density and interplanar spacing of GaAs. For the GaAs(001) [100] combination, the friction coefficients were the biggest, while both the atomic planar density and interplanar spacing were the smallest. Moreover, the friction coefficients of GaAs(111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] combination were the smallest and both the atomic planar density and interplanar spacing of compound GaAs(111) were the biggest; the friction coefficients of GaAs (110) [001] combination were in between the two, as were the atomic planar density and interplanar spacing of GaAs(110). Figure 11 shows the average friction force, normal force, and friction coefficient for different crystallographic orientations during the scratching process. It is reasonable that the average friction force and normal force are larger for a bigger scratching depth. As the atomic area density and the interlayer distance were different for different crystal orientations of GaAs, the number of contacting atoms was different for various crystal orientations of GaAs. Therefore, the friction force and normal force could not be employed to measure the scratching resistance. The scratching resistance is usually measured by friction coefficient, defined as the ratio of friction force to normal force. Figure 11c shows the calculated friction coefficients. Table 1 shows the atomic planar density and interplanar spacing with respect to the orientation of GaAs. It should be noted that the two nearest (111) planes of GaAs are usually considered as a single atomic plane called compound (111) plane. It can be seen that the anisotropic effect of the average friction coefficient in the scratching was related to the differences of atomic planar density and interplanar spacing of GaAs. For the GaAs(001) [100] combination, the friction coefficients were the biggest, while both the atomic planar density and interplanar spacing were the smallest. Moreover, the friction coefficients of GaAs(111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] combination were the smallest and both the atomic planar density and interplanar spacing of compound GaAs(111) were the biggest; the friction coefficients of GaAs (110) [001] combination were in between the two, as were the atomic planar density and interplanar spacing of GaAs(110).
to the differences of atomic planar density and interplanar spacing of GaAs. For the GaAs(001) [100] combination, the friction coefficients were the biggest, while both the atomic planar density and interplanar spacing were the smallest. Moreover, the friction coefficients of GaAs(111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] combination were the smallest and both the atomic planar density and interplanar spacing of compound GaAs(111) were the biggest; the friction coefficients of GaAs (110) [001] combination were in between the two, as were the atomic planar density and interplanar spacing of GaAs(110). a is the lattice constant of GaAs and a = 0.565 nm.
Conclusions
In this paper, MD simulations were performed to explore the material removal in the CMP process of GaAs. The deformation mechanisms and crystal anisotropic effects in the scratching process were thoroughly investigated. The following conclusions are obtained:
(1) By analyzing the distribution of hydrostatic pressure and coordination number of GaAs atoms, it was found that phase transformation and amorphization were the dominant deformation mechanisms of GaAs in nanoscratching process.
(2) There existed significant anisotropic effect in nanoscratching of GaAs. The different deformation behaviors of GaAs with various crystal orientations were due to the differences in the atomic structure of GaAs. The friction coefficient (scratching resistance) of GaAs(001) [100] combination was the biggest, while the friction coefficient of GaAs(111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 
